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Although bilateral animals appear to have left–right (LR) symmetry from the outside, their internal organs often show directional and
stereotypical LR asymmetry. The mechanisms by which the LR axis is established in vertebrates have been extensively studied. However, how
each organ develops its LR asymmetric morphology with respect to the LR axis is still unclear. Here, we showed that Drosophila Jun N-terminal
kinase (D-JNK) signaling is involved in the LR asymmetric looping of the anterior-midgut (AMG) in Drosophila. Mutant embryos of puckered
(puc), which encodes a D-JNK phosphatase, showed random laterality of the AMG. Directional LR looping of the AMG required D-JNK
signaling to be down-regulated by puc in the trunk visceral mesoderm. Not only the down-regulation, but also the activation of D-JNK signaling
was required for the LR asymmetric looping. We also found that the LR asymmetric cell rearrangement in the circular visceral muscle (CVM) was
regulated by D-JNK signaling and required for the LR asymmetric looping of the AMG. Rac1, a Rho family small GTPase, augmented D-JNK
signaling in this process. Our results also suggest that a basic mechanism for eliciting LR asymmetric gut looping may be conserved between
vertebrates and invertebrates.
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In many animals, formation of the three body axes, i.e., the
anterior-posterior, dorsal-ventral, and LR axes, is indispensable
for successful completion of the body plan. These axes are
established genetically during oogenesis and/or embryogenesis.
In particular, formation of the LR axis appears to be required for
the directional LR asymmetric development of various internal
or external organs, from protostomes to deuterostomes. The
mechanisms establishing the LR axis in vertebrates have been
extensively studied (Burdine and Schier, 2000; Hamada et al.,
2002; Tabin, 2006; Tabin and Vogan, 2003). Experiments⁎ Corresponding author. Department of Biological Science and Technology,
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doi:10.1016/j.ydbio.2007.08.048conducted in mouse have provided a model for how the initial
symmetry is broken. In this model, the rotation of cilia in the
node generates an extra-embryonic leftward flow (nodal flow),
which is believed to be the initial event for establishing the LR
axis (Hirokawa et al., 2006; Shiratori and Hamada, 2006).
Subsequently, the nodal flow triggers the LR asymmetric
expression of genes, such as nodal, lefty, and Pitx2, which is
essential for the LR asymmetric development of the embryo
(Burdine and Schier, 2000).
During the final phase of directional LR asymmetric
development, stereotypical morphogenesis takes place in each
LR asymmetric organ with respect to the LR axis (Burdine and
Schier, 2000; Hamada et al., 2002; Tabin and Vogan, 2003). In
zebrafish, the stereotypic LR asymmetric migration of the
lateral plate mesoderm, which is adjacent to the gut on each side
of the body, indirectly elicits directional LR asymmetric gut
looping (Horne-Badovinac et al., 2003). However, although
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for the LR asymmetric development of several vertebrate
organs, in general, the mechanisms of the morphogenetic events
giving rise to the LR asymmetry of organs remain to be
understood.
In Drosophila, several organs have stereotypical LR
asymmetry, including the gut, genital plate, testes, and brain
(Adam et al., 2003; Baum, 2006; Hayashi and Murakami, 2001;
Ligoxygakis et al., 2001; Pascual et al., 2004). In contrast to
extensive literature on dorsoventral and anteroposterior axis
formation in this species, there are only a few reports on its LR
asymmetric development. Recently, several mutants, such as
Myosin31DF (Myo31DF) and Fasciclin2, which affect the
laterality of some organs, have been identified in Drosophila
(Adam et al., 2003; Hozumi et al., 2006; Speder et al., 2006). In
addition, because forced reversion of the anterior-posterior
axis in the egg does not affect the laterality of the embryo, it
seems that LR patterning takes place during embryogenesis
(Hayashi et al., 2005). Despite these recent findings, the
mechanisms of LR asymmetric development in Drosophila are
largely unknown.
In Drosophila, the embryonic gut shows a genetically
determined LR asymmetry (Hayashi and Murakami, 2001;
Ligoxygakis et al., 2001). To identify genes involved in LR
patterning of the Drosophila embryonic gut, we performed a
genetic screen and identified puc, which encodes a D-JNK
phosphatase (Martin-Blanco et al., 1998). In this study, we
demonstrated that the rearrangement of CVM cells was
controlled by D-JNK signaling and had a LR bias. Our results
suggest that this LR biased rearrangement of CVM cells is
responsible for the LR asymmetrical looping of the AMG. We
also propose that the roles played by the mesodermal tissues in
the LR asymmetric development of the gut may be conserved
between vertebrates and invertebrates (Horne-Badovinac et al.,
2003).
Materials and methods
Fly stocks and genetic crosses
The following puc mutant alleles were used: pucGS16811, carrying a GSV6
vector inserted into the third intron of puc (Toba et al., 1999) (Drosophila
Gene Search Project, http://gsdb.biol.metro-u.ac.jp/~dclust/); pucE69, an
amorphic allele (Martin-Blanco et al., 1998); and Df(3R)dsx10D, a deficiency
uncovering the puc gene (Lewis et al., 1980). bsk1 (Sluss et al., 1996), binl1
(Anderson et al., 1995), and tin346 (Azpiazu and Frasch, 1993) were also used.
UAS-puc (Martin-Blanco et al., 1998) and UAS-bskDN (Adachi-Yamada et al.,
1999) express a wild-type puc and a dominant-negative form of bsk,
respectively. UAS-Rac1V12, UAS-Rho1V14, and UAS-Cdc42V12 express con-
stitutively activated forms of Rac1, Rho1, and Cdc42, respectively (Lee et al.,
2000; Luo et al., 1994). UAS-GFP::lacZ.nls is a reporter line (Hayashi et al.,
2002). GAL4-expressing lines 48Y, NP3392, NP221, NP7020, dpp-GAL4.PS,
and hs-GAL4 were described previously (Hayashi et al., 2002; Martin-
Bermudo et al., 1997) (Gal4 Enhancer Trap Insertion Database, http://flymap.
lab.nig.ac.jp/~dclust/getdb.html). GAL4-expressing line how24B was used as a
stronger mesoderm-specific GAL4 driver than NP3392 (Fyrberg et al., 1997).
rP298 is a lacZ enhancer trap line of the kin of irre gene and expresses lacZ in
muscle cells (Nose et al., 1998).
All fly stocks were maintained on a standard Drosophila medium at 25 °C.
Mutant alleles of the second and third chromosome were balanced with CyO,
P{en1}wgen11 and TM3, P{ftz-lacZ.ry+}TM3, Sb1, ry, respectively. Doublemutants on the second and third chromosomes were balanced with CyO,
P{en1}wgen11 and TM6B, P{iab-2(1.7)lacZ}6B, Tb1. Homozygous mutant
embryos were identified by β-galactosidase (β-Gal) staining. Canton-S was
used as the wild-type strain.
Embryo staining and microscopic analysis
For filamentous-actin staining, we used rhodamine-phalloidin (Molecular
Probes, 1:35). The primary antibodies were mouse anti-β-Gal (Promega,
1:2500), mouse anti-Fas3 (DSHB, 1:25), rabbit anti-GFP (MBL, 1:500), and
rabbit anti-Mhc (gift from D. Kiehart, 1:500). The secondary antibodies used for
fluorescent labeling were anti-mouse IgG-Cy3 (Jackson ImmunoResearch,
1:500) and anti-rabbit IgG-Alexa488 (Molecular Probes, 1:500). To obtain
optical microscopic images of embryos, we used biotin-conjugated anti-mouse
IgG, ABC complex (Vectastain ABC kit), and diaminobenzidine.
Stained embryos were mounted in 90% glycerol and studied with an
Axioskop2 (Zeiss) plus or Pascal (Zeiss). The images were processed using
Zeiss LSM Image Browser Version 3,2,0,104 (Zeiss), Adobe Photoshop 7.0
(Adobe Systems), or Adobe Illustrator 10 (Adobe Systems).
Analysis of the phenocritical period for puc to induce LR defects of the
AMG
Eggs of UAS-puc, pucGS16811/hs-GAL4, pucGS16811 were collected at 25 °C
for 30 min. The time after collection of these eggs was defined as “hours after
egg-laying” (AEL). The collected embryos were further incubated at 25 °C for 3,
4, 5, 6, 7, 8, 9, 10, or 11 h, followed by heat-shock at 37 °C for 30 min. They
were then incubated at 25 °C until they developed to stage 17, and subsequently
fixed.
Statistical analysis of the cell rearrangement in the CVM
The nuclei in CVM cells of rP298/+ were detected by anti-β-Gal antibody
staining. Images were obtained by Pascal, and the major angles of these nuclei in
the first chamber of the midgut at late stage 15 or early stage 16 were determined
using Zeiss LSM Image Browser Version 3,2,0,104. Distribution of the data
values between left and right CVM cells was evaluated by Welch's 2-sample t-
test, with a 5% significance level. P-values are indicated as P(T). For the
statistical analyses, the following numbers of left-(Nleft) and right-ventral (Nright)
nuclei and embryos (Nembryo) were examined: (Nleft, Nright, Nembryo): wild-type
at late stage 15 (86, 86, 4); wild-type at early stage 16 (65, 65, 4); pucGS16811
homozygote at late stage 15 (43, 43, 3); pucGS16811 homozygote at early stage 16
(38, 38, 3); pucGS16811 homozygote overexpressing puc driven by NP3392 at
late stage 15 (52, 61, 3); pucGS16811 homozygote overexpressing puc driven by
NP3392 at early stage 16 (57, 62, 4); bsk1 homozygote showing normal
laterality at late stage 15 (33, 37, 3); bsk1 homozygote showing no laterality at
late stage 15 (42, 42, 3); and bsk1 homozygote showing inversed laterality at late
stage 15 (39, 39, 2).
Results
A hypomorphic allele of puc, pucGS16811 shows random
handedness in AMG looping
We performed a genetic screen to identify P-element
insertion mutations affecting the LR asymmetry of the
embryonic gut using a large collection of P-element insertion
lines (Toba et al., 1999) (Drosophila Gene Search Project,
http://gsdb.biol.metro-u.ac.jp/~dclust/). Among the mutants
identified, a hypomorphic allele of puc, pucGS16811, showed
recessive LR defects in the AMG. Although we screened more
than 4000 lines, the pucGS16811 mutation was one of the only
four lines in which the LR asymmetric development of the
AMG was affected, suggesting that the laterality defects
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prehensive results from this screen will be presented elsewhere.)
In addition, of the mutant lines that showed AMG LR-
asymmetry defects, the pucGS16811 embryos exhibited the
highest frequency of these defects (data not shown), which
prompted us to investigate puc further. puc encodes a D-JNK
phosphatase that inactivates D-JNK activity (Martin-Blanco
et al., 1998).
At stage 15, the presumptive proventriculus (PV), the
anteriormost valvular structure of the AMG (Campos-Ortega
and Hartenstein, 1987), started tilting to the left in wild-type
embryos, although the AMG remained bilaterally symmetric
(Figs. 1A and E). However, at this stage, most of the pucGS16811
embryos had not started developing laterality in the prospective
PV (Fig. 1F). At early stage 16, the AMG started rotating
anteroposteriorly in wild-type (Fig. 1B). At late stage 16, the
wild-type AMG rotated counterclockwise as seen from the
ventral side (Fig. 1C). Consequently, in wild-type and puc-
heterozygous embryos, the PV and AMG showed stereotypic
LR asymmetry at stage 17 (Figs. 1D, G, and K). At the same
stage, however, 37% of the AMG in pucGS16811 embryos
showed LR inversion (Figs. 1I and K), although 49% of them
developed normal laterality of this organ (Fig. 1H). On the other
hand, no laterality defects were observed in other parts of the
embryonic gut, i.e., the foregut, posterior-midgut, and hindgut
(data not shown). We also found that trans-heterozygous
embryos for pucGS16811 and Df(3R)dsx10D, which uncovers
puc, also showed reversed rotation in the AMG in 38% of the
embryos at this stage (Fig. 1K). In addition, an amorphic allele
of puc, pucE69, caused similar LR defects in the AMG (Fig.
1K). These results suggest that pucGS16811 embryos showed
random handedness in the AMG looping. Although the
frequency was much lower than that of LR inversion, 14% of
the pucGS16811 embryos had not developed the LR asymmetric
structure of these organs at stage 17 (Figs. 1J and K). In addition
to the defects in LR asymmetry, pucGS16811 embryos failed to
form the valvular structure of the PV (arrowheads in Figs. 1H–J
compared with arrowhead in G) and to complete dorsal closure
(data not shown) (Martin-Blanco et al., 1998). However, theseFig. 1. puc embryos showed LR defects in their AMG. (A–D) Schematic
diagrams showing the LR directed rotations (magenta arrows) of the AMG at
stage 15 (A), early 17 (C), late 17 (D), and the anteroposterior rotations (green
arrows) at stage 16 (B). (E–J) Ventral views of the AMG in wild-type and puc
mutant embryos. Stages of the embryos are at left. (E) In wild-type, the
proventriculus tilted to the left (arrow). (F) In the pucGS16811 mutant, the AMG
did not develop LR asymmetry. (G) In wild-type embryos, the AMGmade a left-
handed rotation (arrow). A high-magnification image of the area indicated by a
white frame is shown in the lower-right inset. (H–J) In the pucGS16811 mutant,
directional LR asymmetry of the AMG was disrupted: normal LR asymmetry
(H, arrow), inversed LR asymmetry (I, arrow), and no LR asymmetry (J, arrow).
Magnified images of the areas indicated by white frames are shown in the lower-
right insets (H–J). In addition to the defects in LR asymmetry, pucGS16811
embryos failed to form the valvular structure of the proventriculus (broken lines
in the insets of panels H–J; compare with the wild-type control in panel G).
Anterior is to the left. The outlines of the gut were visualized by phalloidin
staining. (K) The frequency of LR defects (%) in the AMG of various genotypes
indicated at the bottom. Blue and orange bars indicate the percentage of embryos
showing inversion of laterality and no laterality, respectively. Scale bar in
panel E is 20 μm and applicable to panels E–J.
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of this mutant (see below).
puc is expressed in the CVM of the AMG
To determine whether the AMG or its neighboring organs
express puc, we studied the expression of a Green fluorescent
protein (GFP) protein trap line of puc, G00462, which producesFig. 2. puc was expressed in CVM cells in the AMG. Puc-GFP was detected in G0046
labeled with an anti-GFP antibody at stage 11 (A) and 14 (B). AM, amnioserosa;
embryos labeled by anti-Fas3 (C, D, E and magenta in C″, D″, E″) and anti-GFP an
embryos (C–C″) and embryos in which bskDN and RacN17 were overexpressed by how
and middle. Magnified images of the areas indicated by white frames are shown in th
cells (insets in panels C′, C″, D′, D″, E′, and E″). Anterior is to the left. Scale bar i
applicable to panels C–E″.a full-length Puc protein tagged with GFP (Puc-GFP) (Morin et
al., 2001). In G00462, the expression of puc under the control
of the endogenous puc promoter can be studied by detecting the
Puc-GFP with an anti-GFP antibody. During stages 10 and 11,
the expression of Puc-GFP was mainly detected in the
amnioserosa (AM) (Fig. 2A). During stages 13 and 14, Puc-
GFP was observed in the nervous system, dorsal epidermal cells
(DEC) (arrow in Fig. 2B), mesoderm, endoderm (ED), and AM2, a GFP protein trap line of puc. (A and B) Lateral views of G00462/+ embryos
DEC, dorsal epidermal cells. (C–E″) Ventral views of the AMG in G00462/+
tibodies (C′, D′, E′ and green in panels C″, D″, E″) at late stage 14. Wild-type
24B (D–D″ and E–E″) are shown. The right panels are merged images of the left
e upper-right insets (C′, C″, D′, D″, E′, and E″). Puc-GFP was detected in CVM
n panel A is 40 μm and applicable to panels A and B; in panel C is 20 μm and
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detected in the AMG (Fig. 2C′). The AMG is composed of
epithelium and visceral muscle (VM) cells, and VM cells
(Campos-Ortega and Hartenstein, 1987) can be specifically
detected by anti-Fasciclin3 (Fas3) antibody staining (Figs. 2C
and D) (Sink, 2006). The expression of Puc-GFP in CVM cells
was first observed at late stage 13 (insets in Figs. 2C′ and C″).
Therefore, puc was expressed in surrounding tissues of the
AMG before and during LR asymmetric development of the
AMG. However, the LR asymmetric expression of Puc-GFP
was not detected at any stage examined (data not shown).
puc is a downstream target gene of D-JNK signaling and
mediates negative-feedback regulation of the signal cascade of
D-JNK, which is encoded by basket (bsk) (Glise and Noselli,
1997; Martin-Blanco et al., 1998; Riesgo-Escovar et al., 1996;
Sluss et al., 1996). To confirm that the expression of puc in CVM
cells depends on D-JNK signaling, we tested whether the
expression of Puc-GFP in CVM cells was suppressed by the
down-regulation of D-JNK signaling in G00462. To down-
regulate the D-JNK signal, we overexpressed a dominant-
negative form of bsk (bskDN) (Adachi-Yamada et al., 1999). We
found that the overexpression of bskDN under the control of
how24B, a mesoderm-specific GAL4 driver (Fyrberg et al.,
1997), suppressed the expression of Puc-GFP in CVM cells,
suggesting that this expression was indeed D-JNK signal-
dependent (insets in Figs. 2D′ andD″ compared with C′ and C″).
puc is required for proper LR patterning of the AMG in trunk
visceral mesodermal cells at some time during stages 11–14
Although puc was expressed in various tissues, we
speculated that its expression in some specific tissue is
responsible for the normal LR asymmetry of the AMG. To
test this hypothesis, we overexpressed puc in specific regions of
puc mutant embryos and examined whether the LR defects in
the AMG were rescued. Tissue-specific overexpression of puc
was performed using the GAL4-UAS system (Brand and
Perrimon, 1993). Without a GAL4 driver, a single copy of
UAS-puc (Martin-Blanco et al., 1998) slightly rescued the
laterality defects in the AMG in pucGS16811, probably because
of leaky expression from UAS-puc (Fig. 3D compared with Fig.
1K). The overexpression of puc driven by NP3392 (for
expression in the somatic mesoderm (SM), trunk visceral
mesoderm, and caudal visceral mesoderm) (Figs. 3A and A′) or
by 48Y (expression in the ED, trunk visceral mesoderm, and
caudal visceral mesoderm) (Figs. 3B and B′) in pucGS16811
completely rescued the LR defects in the AMG (Figs. 3D and
G). In contrast, the overexpression of puc in other tissues, for
example, the dorsal ectoderm (dpp-GAL4.PS) (Takaesu et al.,
2002) or esophagus (NP7020), did not rescue the laterality
defects in this mutant (data not shown). In addition, the
overexpression of puc driven by NP221 (expressed in the
caudal visceral mesoderm) (Figs. 3C and C′) in pucGS16811 did
not show significant rescue of the LR defects in the AMG,
compared with those driven by NP3392 and 48Y (Fig. 3D).
Therefore, puc was probably required in trunk visceral
mesodermal cells for the proper LR patterning in the AMG.Schematic diagrams of the GAL4-expressing patterns of
NP3392, 48Y, and NP221 are shown in Figs. 3A′, B′, and C′.
puc mutants, including pucGS16811, have a defect in the dorsal
closure (data not shown) (Martin-Blanco et al., 1998). The
overexpression of puc driven by NP3392 or 48Y did not rescue
the incomplete dorsal closure of pucGS16811, whereas the
laterality of the AMG was rescued in these embryos, as
mentioned above, suggesting that the LR defects were not due
to the failed dorsal closure (data not shown).
Next, to determine when puc is required for the normal LR
asymmetric development of the AMG, we defined the
phenocritical period at which the LR defects in the AMG
could be rescued by the overexpression of puc. For this
experiment, we used a heat-shock-dependent GAL4 driver,
heat-shock-GAL4 (hs-GAL4) to achieve a temporally controlled
expression of puc (Brand et al., 1994). We found that heat-shock
for 30 min at 37 °C, applied at any time during 4.5 to 9.5 AEL,
significantly rescued the LR defects in the AMG (Table 1). Real-
time PCR analysis showed that GAL4-targeted gene expression
started about 2 h after the heat-shock treatment (data not
shown). Therefore, our results suggest that puc is required for
the proper LR patterning in the AMG at some time during 6.5
(stage 11) to 11.5 AEL (stages 14) (Fig. 3E and Table 1). These
stages correspond to the period just before the onset of LR
asymmetric development of the AMG (Fig. 1A). In addition, the
overexpression of puc before 6.5 AEL (stage 12) did not rescue
the LR defects in the AMG of the pucGS16811 mutant (Fig. 3E
and Table 1), demonstrating that the LR defects in the AMG did
not result from perturbed VM specification, which takes place at
stage 10 (Sink, 2006). Importantly, the overexpression of puc
from 10.5 to 11.5 AEL rescued the LR defects in the AMG, but
not the defective structure of the PV (data not shown). These
results suggest that the malformation of the PV is not the cause
of the LR defects in the AMG of the pucGS16811 mutant.
Up- and down-regulation of D-JNK signaling induces the LR
defects in the AMG
D-JNK signaling is hyperactivated in puc mutant embryos
(Martin-Blanco et al., 1998). Therefore, we thought that the
hyperactivation of D-JNK signaling might cause the LR defects
in the pucmutant. To test this hypothesis, we examined whether
a reduction in D-JNK signaling suppressed the LR defects
associated with the puc mutant. We first examined the ability of
the bsk mutant to rescue the LR defects in puc mutant embryos.
In combination with bsk1/+, the LR defects of the pucGS16811
homozygous embryos were significantly suppressed (Fig. 3D).
These results indicated that the hyperactivation of D-JNK
signaling probably causes the LR defects in pucGS16811. To
confirm this, we tested whether bskDN suppressed the LR
defects in the puc mutant. Accordingly, we found that over-
expressed bskDN driven by NP3392 or 48Y in the pucGS16811
homozygote effectively suppressed the LR defects in the AMG
(Figs. 3D and H). Moreover, the overexpression of bskDN
driven by NP3392 more effectively suppressed the LR de-
fects in the AMG of pucGS16811 embryos in combination with
bsk1/+, demonstrating a dosage-dependent suppression of LR
Fig. 3. Up- and down-regulation of D-JNK signaling induced LR defects in the AMG. puc expressed in the CVM at stages 11–14 was required for LR asymmetric
development of the AMG. (A–C) Expression of UAS-lacZ.nls was driven by NP3392 (A), 48Y (B), and NP221 (C). Ventral views of embryos stained with an anti-β-
Gal antibody at stage 15 are shown. Anterior is to the left. (A′–C′) Schematic diagrams showing the GAL4 expression patterns. Green dots in panels A′ and B′ are
CVM cells, magenta dots in panels A′, B, and C′ are LVM cells, and cyan dots in panel B′ are ED cells. (D) The frequency of LR defects (%) in the AMG of various
genotypes indicated at the bottom. Blue and orange bars indicate the percentage of embryos showing inversion of laterality and no laterality, respectively. (E) The
frequency of LR inversion (%) in pucGS16811 embryos that expressed heat-shock-induced puc at various AEL time points. Blue bars indicate the percentage of embryos
showing inversion of laterality. (F) The frequency of LR inversion (%) in the embryos that expressed heat-shock-induced puc at 5 or 11 AEL. Blue bars indicate the
percentage of embryos showing inversion of laterality. The AEL was adjusted to compensate for the delay in puc expression after heat-shock induction (approximately
2 h). Embryonic stages corresponding to the adjusted AEL are indicated in the lower bar. (G and H) Overexpression of puc (G) or bskDN (H) driven by NP3392 in the
pucGS16811 homozygote. The outlines of the gut were visualized by phalloidin staining. Anterior is to the left. Scale bar in panel A is 40 μm and applicable to panels
A–C; in panel G is 20 μm and applicable to panels G and H.
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and H). These results suggest that up-regulation of D-JNK
signaling in the visceral mesodermal cells causes the disrupted
LR asymmetry of the AMG in the pucGS16811 mutant.
We next examined whether the down-regulation of D-JNK
signaling could also induce LR defects in the AMG. However,
homozygous bsk1 embryos have a defect in dorsal closure,
which results in the formation of a large dorsal hole (Sluss et al.,
1996). Because this defect caused the mis-localization of
internal organs, including the AMG, the bsk1 mutant could notbe used to test this possibility. Therefore, to avoid defects that
were not directly associated with LR asymmetry, we expressed
puc under the hs-GAL4 promoter to inactivate D-JNK signaling
at specific periods in development. When puc was over-
expressed from 10.5 to 11.5 AEL, it induced LR defects in the
AMG (Fig. 3F and Table 1). Interestingly, this embryonic period
coincides with the stages during which puc was required for the
proper LR patterning in the AMG (Fig. 3E and Table 1). In
contrast, the overexpression of puc from 4.5 to 5.5 AEL did not
induce LR defects in the AMG (Fig. 3F and Table 1). These
Table 1
Overexpression of hs–puc induced by heat-shock treatment
Heat-shocked AEL Adjusted AEL Embryonic stage n Normal (%) Inversed laterality (%) No laterality (%)
No heat-shock Not expressed – 79 61 33 6
2.5–3.5 AEL 4.5–5.5 (5) AEL 10 18 67 26 7
3.5–4.5 AEL 5.5–6.5 (6) AEL 10–11 25 80 12 9
4.5–5.5 AEL 6.5–7.5 (7) AEL 11+ 31 87 3 10
5.5–6.5 AEL 7.5–8.5 (8) AEL 12 87 98 1 1
6.5–7.5 AEL 8.5–9.5 (9) AEL 12+ 65 96 1 3
7.5–8.5 AEL 9.5–10.5 (10) AEL 13 53 96 2 2
8.5–9.5 AEL 10.5–11.5 (11) AEL 14 43 91 1 8
9.5–10.5 AEL 11.5–12.5 (12) AEL 15 24 75 17 8
10.5–11.5 AEL 12.5–13.5 (13) AEL 15+ 12 67 25 8
Genotypes of these embryos were hs-GAL4, pucGS16811/UAS-puc, pucGS16811
No heat-shock Not expressed – 65 100 0 0
2.5–3.5 AEL 4.5–5.5 (5) AEL 10 32 97 3 0
8.5–9.5 AEL 10.5–11.5 (10) AEL 14 63 86 14 0
Genotypes of these embryos were hs-GAL4/UAS-puc
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appropriate LR asymmetric development of the AMG, and that
an over- or under-abundance of the D-JNK signal causes LR
defects in the AMG.
Given that JNK signaling in the trunk visceral mesoderm
plays an important role in the LR asymmetric development of
the AMG, disruption of the trunk visceral mesoderm formation
should result in LR defects in this organ. To test this hypothesis,
we investigated whether the trunk visceral mesoderm is
required for LR asymmetric development of the AMG, by
studying the laterality defects in biniou (bin) and tinman (tin)
mutant embryos, in which the normal trunk visceral mesoderm
formation is disrupted (Bodmer, 1993; Zaffran et al., 2001). We
found that both binl1 and tin346 embryos showed LR defects in
the AMG (Fig. 3D). These results further support our
hypothesis that the trunk visceral mesoderm is required for
the LR asymmetric development of the AMG.
Up- and down-regulation of D-JNK signaling induces
disruption of the LR asymmetric rearrangement of CVM cells
The LR asymmetric development of the AMG coincides
with an active cell-rearrangement process in the VM of this
organ (Sink, 2006) (see below). Therefore, we speculated that a
LR bias in this cell rearrangement, which might be disrupted in
the puc mutant, was involved in the LR asymmetric develop-
ment of the AMG. To test this possibility, we labeled the VM
cells by staining them with an anti-Myosin heavy chain (Mhc)
antibody (Sink, 2006). We used rP298, which allowed us to
visualize the muscle nuclei with anti-β-Gal antibody staining
(Nose et al., 1998).
In wild-type embryos at stage 14, CVM cells, which migrate
together with the underlying epithelial cells of the midgut,
started stretching (data not shown). At early stage 15, CVM
cells on either side of the midgut fuse at the dorsal and ventral
midlines to form a tubular structure that surrounds the midgut
epithelial tube (Fig. 4A) (Sink, 2006). At this stage, the nuclei of
CVM cells were arranged with LR symmetry (Fig. 4A and datanot shown). Subsequently, however, during late stage 15 and
stage 16, the nuclei of a subset of CVM cells, located in the
right-ventral region of the presumptive first chamber of the
midgut, became tilted compared with those in the left-ventral
region (arrows in Fig. 4B). This breaking of symmetry preceded
the LR asymmetric looping of the AMG (Fig. 1C), suggesting
that the tilt is not an outcome of the LR asymmetric looping.
This LR asymmetry of these nuclei was found in all wild-type
embryos examined (Fig. 4E) and confirmed by statistical
analysis. We used the “major axial angle” of the elliptical nuclei
as an indication of the LR asymmetric cell rearrangement
occurring in the CVM (Figs. 5A and A′). At late stage 15 and
stage 16, measurement of the major axial angles of the nuclei in
the group on the right side of the lower region showed that these
nuclei were tilted significantly more often than those of the
group on the left side (P(T)=0.0018 and 6.8×10−6, respec-
tively; Figs. 5B and B′).
Because the LR asymmetric rearrangement in CVM cells
seemed to be associated with the LR asymmetric looping of the
AMG, we investigated whether this process was disrupted in the
puc mutant, in which D-JNK signaling is up-regulated. As
expected, in late stage 15 and stage 16 pucGS16811 mutant
embryos, we did not detect a difference between the tilting of the
nuclei of the CVM cells on the right and left sides of the
presumptive first constriction of the midgut (Fig. 4C). Indeed, the
major axial angles did not differ significantly (P(T)=0.19 and
0.18, respectively) with respect to the left and right sides at these
stages (Figs. 5C and C′). Furthermore, in pucGS16811 embryos
showing inversed LR asymmetry, we found no examples in
which the nuclei of the CVM cells in the left-ventral region were
more tilted than in the right-ventral region (Fig. 4E). Therefore, it
is likely that the rearrangement of these cells occurred bilaterally
in this mutant. These phenotypes were rescued (P(T)=0.029 and
0.019 at late stage 15 and stage 16, respectively) by the
overexpression of puc driven by NP3392 (Figs. 5D and D′).
Considering that the up-regulation of D-JNK signaling in the
puc mutant caused laterality defects, we speculated that the LR
rearrangement of the CVM cells would also be disrupted by the
Fig. 4. D-JNK signaling was required for the proper LR asymmetric re-
arrangement of CVM cells in the AMG. The LR asymmetric cell rearrangement
in the CVM was disrupted in pucGS16811 mutant embryos. (A–D) Ventral views
of the AMG in rP298/+ embryos stained with anti-β-Gal (magenta) and anti-
Mhc antibodies (green).Wild-type embryos at early stage 15 (A), and late 15 (B),
a pucGS16811 mutant embryo at late stage 15 (C) and bsk1 mutant embryo at late
stage 15 (D) are shown. CVM sheets of the AMG stretched dorsoventrally
(broken lines and arrows in panel A).White arrows in B indicate the tilted nuclei.
(E) The frequency of LR defects (%) in the rearrangement of CVM cells in the
AMGof wild-type and pucGS16811 and bsk1mutant embryos at late stage15. Blue,
purple, and green bars indicate the percentage of embryos showing normal
laterality, inversed laterality, and no laterality, respectively. Scale bar in panel A is
20 μm and applicable to panels A–D.
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et al., 1996). Because of the altered organ locations in bsk1
homozygous embryos starting at stage 16, we investigated the
rearrangement of CVM cells in these mutants at late stage 15.
We found that 81% of the bsk1 mutant embryos showed normal
laterality in the tilting of the CVM nuclei of the presumptive
first midgut constriction at this stage (Fig. 4E and data
not shown), and the major axial angles differed significantly
(P(T)=0.034) with respect to the left and right sides in these
embryos (Fig. 5E). However, in 14% of the bsk1 mutant
embryos, there was no difference in the tilting of the CVM
nuclei between the left and right sides at the same stage (Figs.
4D and E), and the major axial angles did not differ significantly
(P(T)=0.64) between the two sides (Fig. 5E′). In addition, in
5% of the bsk1 mutant embryos, we found that the nuclei of
CVM cells, located in the left-ventral region of the presumptive
first chamber of the midgut, tilted more than those in the right-
ventral region (P(T) =0.044), indicating the inversion of
laterality in the cell-rearrangement (Fig. 4E). Importantly, in
these affected embryos (19% of the total), almost no lateralitywas evidenced by the tilting of the PV (data not shown). In
contrast, the rest of the bsk1 mutant embryos (81%), which
showed normal laterality in the rearrangement of CVM cells,
demonstrated normal leftward tilting of the PV (data not
shown). Thus, the LR asymmetric cell-rearrangement of CVM
cells appeared to coincide with the laterality of the PV. Together,
these results indicate that D-JNK signaling is required for the
LR asymmetric rearrangement of CVM cells, which contributes
to the LR development of the AMG. In addition to these results,
we found no LR difference in the number of nuclei in the
muscle cells, and this number was not altered in the pucGS16811
and bsk1 mutants (data not shown).
Rac1 affects the LR looping of the AMG and genetically
interacts with puc
Rho1, Rac1, and Cdc42 are Drosophila homologues of
mammalian Rho, Rac, and Cdc42, respectively, and encode
small GTPase family proteins (Hariharan et al., 1995; Luo et al.,
1994). During the process of dorsal closure, Rac1 and Cdc42 act
upstream of D-JNK (Glise and Noselli, 1997). Because the
hyperactivation of D-JNK signaling in the CVM caused the LR
defects in the AMG, we hypothesized that the activation of these
small GTPases might affect the LR asymmetric development of
the AMG. Indeed, overexpression of Rho1V14, Rac1V12, or
Cdc42V14, activated forms of Rho1, Rac1, orCdc42, respectively,
driven by NP3392, caused LR defects in the AMG (Figs. 6A, B,
and D). To test whether interplay between these small GTPases
and D-JNK signaling is involved in the LR asymmetric
development of the AMG, we looked for genetic interactions
between puc and each of them. We found that the laterality
defects of the AMG induced by the expression of Rac1V12 were
significantly enhanced in embryos heterozygous for pucGS16811,
whereas the effects of Rho1V14 and Cdc42V12 were not altered
under the same conditions (Fig. 6D). Therefore, we next studied
whether Rac1 acts upstream of D-JNK during LR asymmetric
development of the AMG. We tested whether the overexpression
of Rac1V12 affected the expression of Puc-GFP, a downstream
target of D-JNK signaling (Martin-Blanco et al., 1998). We
detected much stronger Puc-GFP expression in the CVM and
longitudinal visceral muscle cells of the embryos expressing
Rac1V12 driven by how24B than in wild-type embryos, from
stage 12 (insets in Figs. 6F′ and F″ compared with insets in E′,
E″, and data not shown). Conversely, the expression of a
dominant-negative form of Rac1, Rac1N17, driven by how24B
effectively suppressed the Puc-GFP expression (insets in Figs.
2E′ and E″ compared with C′ and C″). Collectively, Rac1
functions upstream of D-JNK signaling, which regulates the LR
asymmetric development of the AMG.
Discussion
D-JNK signaling functions in normal LR asymmetric
development of the AMG
In this report, we demonstrated that D-JNK signaling
activity must be controlled properly in CVM cells for normal
Fig. 5. Statistical analysis of the LR asymmetric cell rearrangement in the CM of the AMG. (A) Magnified view of a nucleus (magenta) in a CMV cell showing
the LR asymmetric tilt at the right-ventral region of the AMG. Cytoplasmic Mhc staining is in green. Anterior is to the left. (A′) Schematic diagram of panel A.
The angle between the major axis of this ellipse and the A–P axis was defined as the “major axial angle" (X°) of the elliptical nuclei. (B–E″) Frequency
histograms showing the major axial angles of the nuclei derived from the founder cells in the left-ventral (blue) and right-ventral (orange) CVM of the AMG.
Statistical analysis of wild-type embryos (B and B′), pucGS16811 embryos (C and C′), and pucGS16811 embryos expressing puc driven by NP3392 (D and D′), at
stage 15 (B–D) and early 16 (B′–D′) is shown. The same statistical analyses are shown for bsk1 embryos showing normal (81% of the total embryos examined)
(E), no laterality (14% of the total embryos examined) (E′), and inverted laterality (5% of the total embryos examined) (E″) at late stage 15. The points indicate
the mean values of the major axial angle in each analysis. The horizontal bars are standard deviations. Asterisks show the maximum and minimum major axial
angle in each analysis. Scale bar in panel A is 2 μm.
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supported by the following observations. First, in the puc
mutant, which has a hyperactivated D-JNK signal, the LR
asymmetry of this organ was random, and the LR defects wererescued by puc expression in the trunk visceral mesoderm.
Second, these LR defects were suppressed by the down-
regulation of bsk, a Drosophila JNK homolog. Third, a stage-
specific suppression of D-JNK signaling by the overexpression
Fig. 6. Rac1 interacted with puc during the LR looping of the AMG. (A–C) Overexpression of Rac1V12 driven by NP3392 in wild-type embryos (A and B) or
heterozygous embryos for pucGS16811 (C) caused LR defects in the AMG (compare with Fig. 2C). The outlines of the gut were visualized by phalloidin staining, and
the rotations of the AMG are shown by arrows (A–C). Anterior is to the left. (D) The frequency of LR defects (%) in embryos heterozygous for pucGS16811 that
expressed Rac1V12, Rho1V14, or Cdc42V12. Blue and orange bars indicate the percentage of embryos showing inversion of laterality and no laterality, respectively.
(E–H″) Ventral views of the AMG inG00462/+ (E–F″) embryos labeled by anti-Fas3 (E, F and magenta in panels E″, F″) and anti-GFP antibodies (E′, F′, and green in
panels E″, F″) at early stage 14. Wild-type embryos (E–E″) and embryos in which RacV12 was overexpressed by how24B (F–F″) are shown. The right panels are
merged images of the left and middle panels. Magnified images of the areas indicated by white frames are shown in the upper-right insets (E′, E″, F′, and panel F″).
Anterior is to the left. Scale bar in panel A is 20 μm and applicable to panels A–C; and that in panel E is 20 μm and applicable to panels E–F″.
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261K. Taniguchi et al. / Developmental Biology 311 (2007) 251–263of puc resulted in laterality defects in the AMG. Importantly,
however, there was no LR asymmetry in the expression pattern
of the D-JNK signal or puc before or during the LR asymmetric
development of this organ. We therefore speculate that D-JNK
signaling has a permissive role for LR asymmetric development
of the AMG, rather than being an instructive cue for this
process. For example, bilateral D-JNK signaling could have
some influence on an instructive LR signaling molecule that has
a LR differences in its activity or distribution. In this case,
hyperactivation of D-JNK signaling may bring this instructive
LR signal up or down across a threshold for the LR difference,
triggering the LR asymmetric development of this organ.
Rac1 acts upstream of D-JNK and regulates the LR asymmetric
cell rearrangement in the CVM
In Drosophila, several downstream targets of D-JNK
signaling have been identified and studied extensively
(Goberdhan and Wilson, 1998; Van Aelst and Symons, 2002),
and decapentaplegic and Delta are known downstream target
genes of D-JNK signaling (Fanto et al., 2000; Glise and Noselli,
1997; Hou et al., 1997). However, our studies, including gene
expression and genetic interaction analyses, demonstrated that
these genes were unlikely to be involved in the D-JNK signal-
driven LR asymmetric development of the AMG (data not
shown). In addition, our previous report showed that the
overexpression ofMyo31DF inversed the laterality of the AMG
(Hozumi et al., 2006). However, we also found that puc did
not influence the laterality defects induced by expressing
Myo31DF, suggesting distinct roles for Myo31DF and D-JNK
signaling in this process (data not shown). In contrast to these
observations, the expression of Fas3, which encodes an
adhesion molecule localized to septate junctions, was signifi-
cantly decreased in the CVM of the puc mutant (data not
shown). However, Fas3 was not required for the normal LR
asymmetric development of the AMG (data not shown).
Therefore, it is presently unknown which target gene of JNK
signaling is involved in the LR asymmetric development of the
AMG.
On the other hand, we demonstrated that the up-regulation
of Rac1 activity in CVM cells resulted in LR defects of the
AMG. In addition, Rac1 functioned upstream of D-JNK in the
CVM during LR asymmetric development of the AMG. Thus,
the cytoskeletal rearrangement that is modulated by Rac1
upstream of D-JNK could be important in the LR asymmetric
rearrangement of CVM cells. It is known that D-JNK activates
head involution defective (hid) to induce apoptosis in and the
clockwise rotation of the terminalia, which arises from the
genital disc (Macias et al., 2004). In contrast to this organ's
requirement for apoptosis for normal LR asymmetric devel-
opment, we found that the overexpression of p35, a potent
suppressor of hid-dependent apoptosis, in CVM cells did not
affect the LR asymmetric development of the AMG (data not
shown). In addition, we did not observe the increased
apoptosis of CVM cells in pucGS16811 mutant embryos (data
not shown). These results suggest that, unlike its role in the
genital disc, apoptosis is not involved in the LR asymmetricrearrangement of CVM cells, although D-JNK signaling plays
essential roles in the LR asymmetric development of both
organs.
Prior regulation of D-JNK signaling is required for the LR
asymmetric rearrangement of CVM cells
We found that puc is required for normal LR asymmetric
development of the AMG at some time during stages 11 to 14.
In addition, the LR asymmetric rearrangement of CVM cells is
required for the normal laterality of the AMG. However, the LR
asymmetric rearrangement of these cells occurs after stage 16.
These results suggest that the down-regulation of D-JNK
signaling by puc is required before, rather than during, the LR
asymmetric cell rearrangement in the CVM. A possible
explanation is that the down-regulation of D-JNK signaling is
required to change the states of these cells to allow them to
respond to the LR signal. We speculate that a small LR bias at
the initial stage, as found in CVM cells at late stage 15, is
probably sufficient to introduce stereotypic LR asymmetry into
the subsequent events of AMG morphogenesis. According to
this model, the subsequent rotation of the AMG, which mostly
occurs in the dorsoventral direction, augments the initial LR
bias. Therefore, if the small bias is not introduced initially, the
AMG shows nondirectional LR asymmetry, as we found in the
puc mutant embryos.
Roles of the LR asymmetric rearrangement of CVM cells in LR
asymmetric morphogenesis of the AMG
The Drosophila gut consists of two layers of cells, the
epidermis and the visceral musculature (Campos-Ortega and
Hartenstein, 1987). We previously demonstrated that
Myo31DF, which is essential for normal laterality of the
hindgut, is required in the epithelium of this organ (Hozumi
et al., 2006). This finding suggests that rearrangement of the
epithelial cells is responsible for the LR asymmetric develop-
ment of the embryonic hindgut. In contrast, for the normal LR
asymmetric development of the AMG, the surrounding CVM
cells play a crucial role.
In zebrafish, the looping of the LR asymmetric gut is elicited
as a secondary consequence of the LR asymmetric migration of
the lateral plate mesoderm (Horne-Badovinac et al., 2003). The
embryonic gut of this organism is located along the midline
between the lateral plate mesoderm of each lateral half. The
shape of the space between the left and right lateral plate
mesodermal tissue becomes stereotypically LR asymmetrical,
as a consequence of LR asymmetric changes in the configura-
tion of these mesodermal tissues (Horne-Badovinac et al.,
2003). Because the gut lies in the vacant space delineated by
these tissues, the morphology of this organ also develops
directional LR asymmetry. In this study, we demonstrated that
the mesodermal tissue also plays an essential role in the LR
asymmetric development of the Drosophila AMG. Although it
is not known whether JNK signaling is involved in the LR
asymmetric development of the lateral plate mesoderm in
zebrafish, the roles of the mesodermal cells in the LR
262 K. Taniguchi et al. / Developmental Biology 311 (2007) 251–263asymmetric development of the gut may be evolutionarily
conserved between vertebrates and insects, at least to some
extent.
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